Hereditary spastic paraplegias are a large, diverse group of neurological disorders (SPG1-71) with the unifying feature of prominent lower extremity spasticity, owing to a length-dependent axonopathy of corticospinal motor neurons. The most common early-onset form of pure, autosomal dominant hereditary spastic paraplegia is caused by mutation in the ATL1 gene encoding the atlastin-1 GTPase, which mediates homotypic fusion of ER tubules to form the polygonal ER network. We have identified a p.Pro342Ser mutation in a young girl with pure SPG3A. This residue is in a critical hinge region of atlastin-1 between its GTPase and assembly domains, and it is conserved in all known eukaryotic atlastin orthologs. We produced induced pluripotent stem cells from skin fibroblasts and differentiated these into forebrain neurons to generate a human neuronal model for SPG3A. Axons of these SPG3A neurons showed impaired growth, recapitulating axonal defects in atlastin-1-depleted rat cortical neurons and impaired root hair growth in loss-of-function mutants of the ATL1 ortholog rhd3 in the plant Arabidopsis. Both the microtubule cytoskeleton and tubular ER are important for mitochondrial distribution and function within cells, and SPG3A neurons showed alterations in mitochondrial motility. Even so, it is not clear whether this change is involved in disease pathogenesis. The SPG3A axon growth defects could be rescued with microtubule-binding agents, emphasizing the importance of tubular ER interactions with the microtubule cytoskeleton in hereditary spastic paraplegia pathogenesis. The prominent alterations in axon growth in SPG3A neurons may represent a particularly attractive target for suppression in screens for novel pharmacologic agents.
INTRODUCTION
Hereditary spastic paraplegias (HSPs) are a diverse group of inherited neurological disorders unified by the defining feature of a length-dependent axonopathy of corticospinal motor neurons, resulting in prominent lower extremity spasticity and gait difficulties (1, 2) . These disorders have been historically classified as pure or complex based upon the presence (complex) or absence (pure) of associated clinical features such as cognitive impairment, distal amyotrophy, retinopathy, neuropathy and thin corpus callosum. More recently, a genetic classification scheme has predominated, and HSPs are commonly identified by their affected genes and spastic gait (SPG) loci, SPG1-71, assigned in order of locus identification (1) (2) (3) (4) . Despite the remarkable genetic heterogeneity of HSPs, a relatively small number of common cellular themes have emerged, including perturbations in mitochondrial function, endoplasmic reticulum shaping/distribution, myelination, lipid/ cholesterol metabolism, protein/membrane trafficking, bone morphogenetic protein (BMP) signaling and endolysosomal function (1, 4, 5) .
Disruption in the formation of the tubular ER network in cells has emerged as a key pathogenic theme underlying the HSPs, because over half of patients with autosomal dominant, pure HSP have SPG3A, SPG4, SPG12 or SPG31, each of which is caused by mutations in genes encoding proteins that bind one another and function in the organization of the tubular ER network (1, 5, 6) . Thus, the development of animal and cellular models for these disorders of ER network formation is increasingly important.
The SPG3A protein atlastin-1 along with its human paralogs atlastin-2 and atlastin-3, yeast ortholog Sey1p and plant ortholog RHD3 are large, oligomeric GTPases that harbor two very closely spaced transmembrane domains required for proper ER localization; these GTPases mediate homotypic fusion of ER tubules to form the polygonal ER network (7 -13) . The SPG31 and SPG12 proteins REEP1 and reticulon 2, respectively, are members of the reticulon/REEP/Yop1p superfamily of proteins that harbor partially membrane spanning, hydrophobic hairpin domains and shape the high-curvature ER tubules (14, 15) . Last, the SPG4 protein spastin is an ATPase associated with a variety of activities (AAA), and the larger M1 spastin isoform contains a hydrophobic hairpin and localizes to ER tubules. These hydrophobic domains are important for self-interactions among these proteins as well as for interactions with one another (16) .
To date no mouse model has been reported for SPG3A, the second most common cause of HSP and the most common early-onset form; there have been a few cellular as well as fly and zebrafish models described. For instance, depletion of atlastin-1 from rat cortical neurons in primary culture using shRNA causes prominent axon growth and branching defects (17) . Disruption of the single atlastin ortholog in Drosophila causes synapse and muscle defects that can be rescued with the microtubule-destabilizing drug vinblastine (18) . In zebrafish, knockdown of the atlastin gene atl1 causes a decrease in larval mobility that is preceded by abnormal architecture of spinal motor axons (19) .
Here, we have identified a de novo SPG3A mutation (c.1024C.T; p.Pro342Ser) in a 2-year-old girl with early-onset, pure HSP. This Pro residue is at a critical position for atlastin-1 within a small linker region between the GTPase domain and three-helical bundle (3HB) assembly domain. In fact, this Pro residue is conserved in all eukaryotic atlastin orthologs (20) and is mutated in ATL1 in SPG3A [Ref. 21 (p.Pro342Gln ) and the present study] as well as in ATL3 in hereditary sensory neuropathy type 1 [Ref. 22, p.Pro338Arg] . We used skin fibroblasts from our SPG3A patient to generate induced pluripotent stem cells (iPSCs), which were then differentiated into forebrain neurons to generate the first human neuronal model of SPG3A. These neurons have prominent axonal growth defects that can be partially rescued with microtubule-binding agents, emphasizing the importance of interactions of tubular ER with the microtubule cytoskeleton in HSP pathogenesis (16) .
RESULTS

Cellular effects of SPG3A ATL1 mutation
A 2-year-old girl with a clinical presentation of early-onset, pure HSP had a de novo, heterozygous mutation in ATL1, c.1024C.T (p.Pro342Ser), identified by commercial DNA sequencing (Athena Diagnostics). Although this particular mutation has not been previously reported, it occurs at a residue mutated in other patients with SPG3A (21) and is conserved among all eukaryotes in the linker region of atlastin GTPases (Fig. 1A) ; this linker plays a key role in a conformational switch of atlastin important for the ER tubule fusion process ( Fig. 1B ; Refs. 20, 23) . This mutation also results in a modest reduction in GTPase activity (Fig. 1C and D) .
Skin fibroblasts were cultured to assess the effects of this mutation on atlastin-1 protein levels. Immunoblots of SPG3A and control fibroblasts indicate that the levels of the atlastin-1 protein are not diminished in the SPG3A cells, suggesting that the mutant protein is present in cells. The levels of a number of other ER proteins, including the atlastin-1 paralogs atlastin-2 and atlastin-3, which are abundant in these cells (8) , are also not significantly affected ( Fig. 2A) . The atlastin-1 P342S protein is also present in puncta throughout the peripheral ER, which is mostly tubular ER in contrast to the more perinuclear ER sheets labeled with CLIMP-63 (Fig. 2B) . The distributions of endogenous atlastin-1-positive puncta appeared similar in control and atlastin-1 P342S fibroblasts (Fig. 2C) . As atlastin-2 and -3 are likely the predominant atlastin GTPases in skin fibroblasts and may thus provide adequate protein for ER fusion even in the presence of atlastin-1 dysfunction, we examined effects of atlastin-1 P342S overexpression in these cells. Heterologous expression of Myc-tagged, wild-type atlastin in COS7 cells did not result in changes in ER morphology, but the expression of the P342S mutant markedly altered ER morphology in all cells examined (Fig. 2D ).
Characterization and neural differentiation of control and SPG3A iPSCs SPG3A iPSCs were generated from skin fibroblasts cultured from the patient with this P342S mutation in atlastin-1. The fibroblasts were reprogrammed using an integration-free episomal method (24) , and multiple iPSC clones were generated from both SPG3A fibroblasts and wild-type controls. These clones had a typical ESC colony morphology, with no obvious differences between SPG3A and control lines, and expressed the characteristic human pluripotent stem cell markers Nanog, SSEA4 and Tra1-60 (Fig. 3A) . To confirm that the SPG3A iPSCs did not contain chromosomal abnormalities after passaging, karyotype analysis was performed; this did not reveal any defects (Fig. 3B) . To confirm the presence of the heterozygous p.Pro342Ser mutation in the ATL1 gene, this region was sequenced in both the iPSCs and neural cells after differentiation (Fig. 3C) .
We differentiated the iPSCs to forebrain glutamatergic neurons using a well-established differentiation protocol (25) (26) (27) . Representative images are shown for cells at different stages during differentiation (Fig. 4A) . No apparent alterations were observed in the abilities of control and SPG3A cells to generate neurons. Although atlastins are expressed in all eukaryotic cells, atlastin-1 is by far the most abundant member in the central nervous system (7, 8, 17) . To examine how atlastin-1 levels in human neurons change during the course of differentiation in culture, we performed immunoblot analysis (Fig. 4B) . Very low levels of atlastin-1 protein were present in iPSCs, but by the neurosphere stage at Day 28 of differentiation, there was a dramatic increase. Atlastin-1 levels remained high in early generated neurons (Week 6) and in more mature neurons (Week 15). Conversely, the levels of atlastin-2 and atlastin-3 were high at the iPSC stage and decreased dramatically following neural differentiation (Fig. 4C) . The levels of atlastin-1 were comparable between control and SPG3A lines in week 8 neurons (Fig. 4D) .
Human Molecular
Thus, similar to what was observed in patient fibroblasts ( Fig. 2A) , the p.Pro342Ser mutation did not affect total atlastin-1 protein levels. In addition, the levels of the microtubule-severing ATPase spastin, a direct binding partner of atlastin-1 (28,29) mutated in the SPG4 subtype of HSP (30), were not dramatically different between control and SPG3A neurons (Fig. 4E ). To confirm that forebrain glutamatergic neurons were generated, immunostaining was performed for Tbr1 and the neuron-specific bIII-tubulin isoform (Fig. 4F ). Quantification of Tbr1 + cells did not reveal significant differences between control and SPG3A iPSC lines (Fig. 4G ).
Axonal outgrowth of neurons derived from control and SPG3A iPSCs
In a zebrafish model of SPG3A, knocking down atl1 resulted in abnormal outgrowth of spinal motor axons (19) . To investigate axonal morphology in SPG3A iPSC-derived forebrain neurons, neurospheres were plated onto coverslips and axons were allowed to extend for 48 h, then fixed and stained for the axon marker tau. The tau staining extended to the end of the axons, as shown by co-localization with F-actin, which is enriched in growth cones (Supplementary Material, Fig. S1 ). In addition, the long neurites that extend from the neurospheres were established to be axons by co-localization of tau with the presynaptic marker bassoon (Supplementary Material, Fig. S2 ). This revealed an apparent reduction in the length of axons in the SPG3A axons compared with control neurons (Fig. 5A ), and quantification of neurite outgrowth revealed a significant reduction in the average length of axons (Fig. 5B) . Analysis of dissociated neurons revealed a similar reduction in axon outgrowth in SPG3A neurons derived from two different iPSC clones (Fig. 6 ). Together these data suggest that SPG3A neurons have impaired axon outgrowth with reduced axon length.
Fast axonal transport defects in SPG3A neurons
There is abundant evidence that links other forms of dominant, pure HSP to defects in fast axonal transport (31) (32) (33) (34) (35) . To investigate whether transport is disrupted in SPG3A neurons, we analyzed mitochondrial fast axonal transport in week 12 iPSC-derived neurons with live-cell imaging, using the MitoTracker CMXRos dye. After the cells were stained, fluorescent images of proximal axons were obtained every 5 s for 5 min, and individual trajectories for each mitochondrion within the field were acquired, allowing Fig. 7C ) directions revealed no significant differences between control and SPG3A neurons. The frequency of motile events was calculated by counting the number of times each mitochondrion moved with a velocity of .300 nm/s. This velocity threshold was used to exclude transport events mediated by actin, which fall well below this threshold (36) . Calculation of the percentage of motile mitochondria for each cell revealed a significant reduction in SPG3A neurons compared with controls ( Fig. 7D) , 5642
and the frequency of motile events was lower in the SPG3A neurons as compared with controls (Fig. 7E ). These events were separated based on the direction of transport, and while there was a nonsignificant trend toward the reduction of events in the retrograde direction (Fig. 7F) , a significant reduction in anterograde motile events was observed in SPG3A cells (Fig. 7G) .
Treatment with microtubule-targeting drugs rescues the axon outgrowth phenotype
In a Drosophila model of SPG3A, where the single atlastin ortholog was disrupted, neuromuscular junction defects were linked to abnormal accumulation of stable microtubules (18) . It was suggested that this effect is mediated through atlastin's interactions with the SPG4 protein spastin, a microtubule-severing AAA ATPase. Importantly, treatment with the microtubule-destabilizing drug vinblastine partially rescued neuromuscular junction defects and improved the survival of mutant flies (18) . To test whether treatment with microtubule-targeting drugs is similarly effective on human SPG3A neurons and whether this iPSC-based model may have the potential for drug screening, we treated week 8 SPG3A neurons with several compounds. Briefly, both control and SPG3A neural progenitors were plated onto coverslips and allowed to attach for 24 h. The next day, neurons were treated with 10 nM vinblastine for 48 h, followed by analysis of tau + axon growth. While vinblastine treatment did not have a significant effect on axon outgrowth in control neurons, it significantly increased outgrowth in SPG3A neurons (Fig. 8) , suggesting that alterations in microtubule dynamics may be involved in this phenotype.
A previous report investigating a mouse model of SPG4 found that treatment with nanomolar concentrations of both vinblastine and taxol, which are thought to alter only microtubule dynamic instability at these concentrations, significantly reversed the presence of axonal swellings in cortical neurons (37) . Treatment of wild-type iPSC-derived neurons with taxol or vinblastine did not alter axon outgrowth significantly. However, treatment with either taxol or vinblastine significantly increased axon outgrowth in the SPG3A cells (Fig. 8) . Together, these results reveal that microtubule-targeting drugs are able to rescue axon outgrowth defects in SPG3A patient-iPSC-derived neurons.
DISCUSSION
We have used skin fibroblasts from an SPG3A patient with a novel p.Pro342Ser mutation in the ATL1 gene to generate iPSC lines and model this common, early-onset, pure form of HSP in human neurons. The SPG3A iPSCs were able to differentiate into forebrain glutamatergic neurons with an efficiency similar to that of control neurons, and the levels of atlastin-1 protein were not decreased by the p.Pro342Ser mutation. As overexpression of this mutant alters ER morphology in a manner similar to atlastin depletion, a dominant-negative, loss-of-function disease mechanism appears most likely, with mutant proteins binding and impairing the function of the wild-type protein in atlastin oligomers. Previously, lymphoblasts from a patient with a p.N436del in-frame deletion in ATL1 were shown to have markedly decreased atlastin-1 levels, which were postulated to result from increased susceptibility of wild-type/p.del436N heteromers to degrade in a dominant-negative manner (38) . Very recently, multiple affected members of a consanguineous Pakistani family were reported with a homozygous p.Arg118Gln mutation in ATL1; heterozygotes had minimal or no clinical signs, consistent with recessive inheritance, though the functional effects of this mutation are unknown (39) . In these cases, a loss-of-function pathogenesis seems most plausible, while also illustrating that loss of atlastin function can arise in a number of ways.
Consistent with a dominant-negative, loss-of-function disease mechanism, SPG3A p.Pro342Ser neurons displayed markedly reduced axon outgrowth, similar to results from shRNA knockdown of rat cortical neurons (17) . This phenotype is also highly similar to that seen in loss-of-function mutations in the atlastin-1 ortholog RHD3 of the flowering plant Arabidopsis, where there are prominent defects in root hair growth (40) . These root hairs are long protrusions from root cells that are reminiscent of axons (1, 41) . Thus, these defects in polarized cell expansion are a broadly conserved function of atlastin proteins across phylogeny and consequently may represent an important phenotype for rescue in pharmacologic screens. In fact, these axon growth defects in human SPG3A neurons could be rescued by treatment with both vinblastine and taxol at nanomolar concentrations, indicating an important role for ER interactions with dynamic microtubules. In addition to its interactions with microtubules, the ER has extensive contacts with other organelles, which could be also impacted by changes in ER shape (42) . We investigated fast axonal transport of mitochondria because such defects have already been observed in autosomal dominant SPG4 (31, 34, 37) , which is caused by mutations in the spastin AAA ATPase that binds atlastin-1. There were no significant differences in the transport velocities of mitochondria in either anterograde or retrograde directions, suggesting that activities of the molecular motors were unaffected. However, there were decreases in the frequency of mitochondrial motile events. As the axoplasm accounts for .99% of total cellular volume in the longest neurons, they are particularly susceptible to defects in intracellular transport (5) . In fact, many neurodegenerative disorders have been linked to deficits in axonal transport, including amyotrophic lateral sclerosis (ALS), Parkinson disease, Alzheimer disease and Huntington disease (43) . The proper distribution of mitochondria and likely other organelles throughout the axon thus appears critical for maintaining neuronal health. Defects in axonal transport of mitochondria, other organelles or proteins may underlie the axon outgrowth defect that is observed in these SPG3A cells. A majority of proteins in the axon and at synapses are generated in the cell body and must be transported down axons via anterograde transport (44) . Mitochondrial localization, which is dependent on fast axonal transport, is also important for regulating the variability of presynaptic strength as well as for axon formation and outgrowth (45, 46) . In fact, mitochondria accumulate in the growth cones of axons during outgrowth (47) . In the SGP3A neurons, reduction in the number of anterograde motile events could conceivably reduce the net flux of mitochondria toward the distal portions of the axons, negatively affecting axon outgrowth, presynaptic regulation or both. However, selectively increasing mitochondrial axonal mobility does not slow ALS-like impairment in the SOD1(G93A) mutant mouse model for ALS (48) . Alternatively, other consequences of atlastin dysfunction such as aberrant ER distribution (which could secondarily affect mitochondrial motility) or BMP signaling (5) may play key roles in pathogenesis.
Studies in Drosophila have previously shown that there are increased stabilized microtubules in atl mutant flies and that vinblastine treatment can rescue several neuromuscular defects (18) . Loss of atlastin function was hypothesized to result in altered microtubules by disrupting the interaction between atlastin and the microtubule-severing, SPG4 ATPase spastin. We and others have previously shown that treatment with microtubuletargeting drugs can rescue defects in cultured SPG4 neurons, suggesting that altered microtubules may be a common finding among different forms of HSP (35, 37, 49) . One role of atlastin-1 may be to distribute spastin's microtubule-severing activity within neurons, because spastin is a direct binding partner (16, 28, 29) . Treatment with sub-stoichiometric concentrations of either vinblastine or taxol increased axon outgrowth to levels comparable with wild-type neurons. It will be interesting to examine further whether axon growth and transport deficits can be rescued by these drugs in longer-term cultures.
On initial consideration, it seems hard to reconcile a primary defect in axon growth as a mediator of the pathology in HSPs, because most HSPs are progressive disorders characterized by distal, dying-back axonal degeneration (1 -5,50) . However, SPG3A in particular is notable for not only being the most common early-onset, pure form of HSP but also for having a large number of affected individuals presenting with apparently non-progressive forms (51) . Thus, abnormal axon development may play a key role in SPG3A pathogenesis. Our findings suggest that iPSC-based models of SPG3A will be useful for drug screening trials. In future studies, it will be particularly interesting to assess how rescue of axon growth defects owing to SPG3A mutations correlates with rescue of known intracellular functions of atlastins, such as BMP signaling, ER morphology, organelle distribution and lipid droplet formation (19, 52, 53) .
MATERIALS AND METHODS
Clinical studies
All study procedures were performed under an Institutional Review Board-approved clinical research protocol (NINDS protocol 00-N-0043) at the National Institutes of Health Clinical Center. The parents of the SPG3A patient provided informed consent.
Cell culture, transfection and GTPase activity assays
Heterologous expression studies in COS7 cells and in vitro GTPase assays of Myc-atlastin-1 proteins were performed as described previously (7, 54) .
Reprogramming fibroblasts into iPSC lines
Human fibroblast cell lines were established from skin punch biopsies and maintained using standard procedures. To generate iPSC lines using episomal transduction, 200,000 cells were dissociated and transfected with episomal plasmids (Addgene) containing pluripotency factors (Oct3/4, Sox2, L-Myc, Klf4 and Lin 28), as reported previously (24) . At around 1 week after electroporation transduction, cells were plated onto a 35-mm dish in DMEM supplemented with 10% fetal bovine serum. After culturing for 7 days, cells were dissociated and seeded onto a mouse embryonic fibroblast (MEF) feeder at 10 5 cells/100-mm dish. Two weeks later, colonies with morphologies similar to human embryonic stem cells (ESCs) were observed. These colonies were split onto MEF feeder cells to derive iPSC lines. Following several passages, homogenous colonies with ESC-like morphology were generated. The iPSC lines used in this study were iWT-1, iWT-3, iSPG3A-6 and iSPG3A-8.
Human iPSC neural differentiation
To generate telencephalic neurons from iPSCs, stem cells were cultured on a feeder layer of irradiated MEFs in 6-well tissue culture-treated plates for 6 days, with the human ESC media [+10 ng/ml of fibroblast growth factor (FGF)-2] changed daily. When nearly confluent, cells were detached from the feeder layer to initiate neural differentiation, as previously described (25) (26) (27) . Briefly, iPSC aggregates were cultured in suspension for 4 days in human ESC media and were then transferred to neural induction media (NIM). After 3 additional days in suspension, iPSC aggregates were plated onto 6-well tissue culture-treated plates in NIM with 10% fetal bovine serum. After 12 h, the media was replaced with fresh NIM. The media was then changed every other day until Day 17, when the generated neuroepithelial (NE) cells were isolated. Mechanically isolated NE cells were cultured in suspension with NIM [+B27, +cyclic AMP, +insulin-like growth factor 1 (IGF-1)] to generate neurospheres for at least 10 additional days. On about Day 28, neurospheres were dissociated and plated onto polyornithineand laminin-coated coverslips in neural differentiation media containing N2, B27, ascorbic acid, cyclic AMP, laminin, IGF-1, brain-derived neurotrophic factor and glial-derived neurotrophic factor. Half of the media was changed every other day for 6-12 weeks, depending on the analysis to be performed. For the treatment of cells with microtubule-targeting drugs, the media was replaced with standard neural differentiation media with either 10 nM vinblastine (Sigma-Aldrich) or 10 nM taxol dissolved in water.
Immunoblotting and immunocytochemistry
Immunofluorescence microscopy and immunoblotting were performed as described previously (7, 25, 55) . Quantification of immunoblots was performed using ImageJ (56), normalized against actin as a loading control. The percentage of Tbr1 + cells among total cells (Hoechst) was determined by taking three randomly selected fields per coverslip and blindly counting cells using MetaMorph software (25) . Three coverslips were analyzed for each group.
Antibodies used in this study included mouse monoclonal IgM anti-Tra-1-60 (Santa Cruz, 1:50), goat polyclonal IgG anti-Nanog (R&D Systems, 1:500), mouse monoclonal IgG 3 anti-SSEA-4 (Developmental Studies Hybridoma Bank, 1:100), rabbit IgG anti-tau (Sigma -Aldrich, 1:100), rabbit polyclonal anti-Tbr1 (Proteintech, 1:1000), mouse monoclonal IgG bIII-tubulin (TuJ-1; Developmental Studies Hybridoma Bank, 1:100), rabbit polyclonal anti-REEP5 (Proteintech, 1:2000), rabbit polyclonal anti-atlastin-1, -2 and -3 (8), rabbit polyclonal anticalreticulin (Abcam, 1:1000), mouse monoclonal Myc-epitope (Santa Cruz Biotechnology, 1:1000), mouse monoclonal anti-b-tubulin (Sigma -Aldrich, 1:2000) and rabbit polyclonal anti-spastin (Sigma -Aldrich, 1:1,000). Rhodamine-phalloidin (100 nM) was from Cytoskeleton.
Axon length measurements
Axon outgrowth properties of neurons plated in small clusters were quantified with MetaMorph software using the Neurite Outgrowth application as described by the manufacturer; this program identifies cell bodies and their neurites and determines the length of each neurite. Three to six coverslips for each group, comprising at least 1100 cells per group, were analyzed for neurite outgrowth. Axonal outgrowth of dissociated neurons was quantified using the NeuronJ plugin for ImageJ, and the length of the longest process that also had the greatest tau intensity was measured. At least 50 cells were quantified per cell line, for a total of 123 control and 175 SPG3A cells from at least 3 coverslips.
Live-cell imaging
Neurospheres were plated onto polyornithine-and laminincoated 35-mm dishes (MatTek). At 8 weeks of total differentiation, the cells were stained with 50 nM MitoTracker Red CMXRos (Invitrogen) for 3 min to allow visualization of mitochondria, after which the media was replaced with fresh neural differentiation media. Live-cell imaging was performed using a Zeiss Axiovert 200M microscope equipped with an incubation chamber. Cells were kept at 378C with 5% CO 2 while imaging. Axons identified according to morphological criteria (constant thin diameter, long neurites, no branching and direct emergence from the cell body) were imaged every 5 s for 5 min, yielding 60 frames. Quantifications were performed using a protocol described previously (36) . In short, the location of each mitochondrion was manually selected using the Track Points function in MetaMorph, and parameters such as distance from cell body and velocity were recorded. A velocity threshold of 300 nm/s was used to select microtubule-based transport events (57) . To determine the percentage of motile mitochondria, the total
5646
Human Molecular Genetics, 2014, Vol. 23, No. 21
number of mitochondria that were present along the imaged neurite was counted, and those that changed position (velocity .300 nm/s) in at least three consecutive frames were considered motile.
Statistical analysis
Statistical significance of mean values among multiple sample groups was analyzed with Tukey's studentized range test after ANOVA. Two-sided t-tests were used to examine the statistical significance between two sample groups. The significance level was defined as P , 0.05, and significance tests were conducted using SAS 9.1 (SAS Institute).
